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The compound bioflocculant (CBF) was modified by graft copolymerization of 24 
acrylic amide and dimethyl diallyl ammonium chloride, and the novel copolymer was 25 
denoted as MCBF. The effect of MCBF used as coagulant aid with titanium 26 
tetrachloride (TiCl4) was investigated for both high and low molecule weight natural 27 
organic matter (NOM) removal. Floc characteristics were studied using a laser 28 
diffraction particle sizing device. Results indicated that the monomers were 29 
successfully grafted onto the CBF, and the molecule weight and zeta potential of CBF 30 
were greatly improved. The MCBF with TiCl4 exhibited synergistic effect by 31 
promoting NOM removal, especially at low TiCl4 doses. Additionally, using MCBF as 32 
coagulant aid with TiCl4 can significantly increase the floc growth rate, size, strength 33 
and broken-floc recoverability. The effect of MCBF on fractal dimension of flocs 34 
generated by TiCl4 depended on NOM properties. Both coagulation performance and 35 
floc properties were significantly affected by dosing sequence. 36 
Keywords: Titanium tetrachloride; Compound bioflocculant; Floc strength; Floc 37 
regrowth; Fractal dimension 38 
Introduction 39 
Natural organic matter (NOM) is a diverse mixture of organic compounds with 40 
varying molecule weight and chemical nature including fulvic acid (FA) with low 41 
molecule weight and humic acid (HA) with relatively high molecule weight 42 
(Kabsch-Korbutowicz, 2005). They cause odor, taste, color and bacterial regrowth in 43 
potable water, and have potential to form carcinogenic disinfection-byproducts (DBPs) 44 
3 
 
(Hu, Liu, Qu, Wang and Ru, 2006). Effective removal of NOM in water has become 45 
increasingly important in modern water treatment. Coagulation-flocculation has been 46 
the most common process to remove NOM and particles in drinking water, seawater 47 
and wastewater (Jarvis, Jefferson and Parsons, 2005). Recently, titanium tetrachloride 48 
(TiCl4) receives wide attention, because it is not only can be used as an effective 49 
coagulant, but also the flocculated sludge could be recycled to produce valuable 50 
by-product named titanium dioxide (TiO2) by calcination (Shon, Vigneswaran, 51 
Kandasamy, Zareie, Kim, Cho and Kim, 2009, Shon, Vigneswaran, Kim, Cho, Kim, 52 
Kim and Kim, 2007). Therefore, using TiCl4 as a coagulant offers a novel solution to 53 
sludge disposal associated with production of TiO2 with a wide range of 54 
environmental applications. Bioflocculant also has drawn great attention, due to its 55 
significant advantages over traditional flocculant, such as biodegradability, safety to 56 
human beings and minimum second contamination, for future coagulant applications 57 
in water treatment (Salehizadeh and Shojaosadati, 2001). It is expected to become an 58 
alternative for conventional coagulants.  59 
However, there are disadvantages with both TiCl4 and CBF. The pH value of the 60 
supernatant after optimum TiCl4 coagulation was much lower (pH 3.25-5) than those 61 
of conventional Al and Fe salts coagulation (Shon, Vigneswaran, Kim, Cho, Kim, 62 
Kim and Kim, 2007, Zhao, Gao, Shon, Cao and Kim, 2011). The effluent reuse was 63 
negatively affected by the low pH. For the bioflocculants, none of them has been used 64 
into practical applications until now because of the low ﬂocculating capacity, low 65 
yields and high production cost. To overcome these limitations, numerous researchers 66 
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have carried out screening of highly efficient strains and optimization of the 67 
bioflocculant culture conditions (He, Li, Chen and Lun, 2002). Meanwhile, dual 68 
coagulants e.g., bioflocculant used in combination with inorganic coagulants, are 69 
investigated as a cost reduction method. They not only reduce the dosage of 70 
bioflocculant, but also enhance the coagulation performance. Moreover, the risk 71 
raised from the chemical ﬂocculants can be reduced due to relatively less dosage 72 
added. Zhao et al., (Zhao, Gao, Shon, Wang, Kim, Yue and Bo, 2012) have 73 
investigated the coagulation of compound bioflocculant (CBF) used as coagulant aid 74 
with TiCl4, with the results indicating that coagulation performance could be 75 
improved with reduced TiCl4 and CBF doses. However, CBF addition significantly 76 
decreased the floc size and floc growth rate because of its high negative charge. Thus, 77 
changing the surface charge of CBF to facilitate the coagulation performance will be 78 
promising. Graft copolymerization is a technique for modifying the chemical and 79 
physical properties of natural and synthetic polymers. Many workers have carried out 80 
grafting reactions of acrylic amide (AM) or dimethyl diallyl ammonium chloride 81 
(DMDAAC) onto starch, sodium alginate etc. (Tripathy, Pandey, Karmakar, Bhagat 82 
and Singh, 1999, Zhang, 2010), but the grafting of AM and DMDAAAC onto CBF is 83 
rarely reported.  84 
The aims of this study were to i) modify CBF using AM and DMDAAC (define the 85 
copolymer as MCBF), ii) evaluate the coagulation performance of MCBF used as 86 
coagulant aid with TiCl4 for both high and low molecule weight NOM removal, and 87 
iii) investigate the effect of MCBF on floc properties in terms of floc size, floc growth 88 
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rate, floc strength, recoverability and the fractal dimension. Coagulation performance 89 
and floc characteristics of TiCl4 and MCBF were analyzed for comparison. The 90 
coagulation mechanisms were also discussed in detail based on coagulation 91 
performance, floc properties and floc zeta potential measurement.  92 
Experimental 93 
Materials 94 
TiCl4 stock solution (20%, density = 1.150 g/ml) was obtained from Photo & 95 
Environment Technology Co. Ltd (South Korea). CBF was obtained from State Key 96 
Lab of Urban Water Resource and Environment, Harbin Institute of Technology, 97 
China. The CBF used in this study is mainly composed of polysaccharide (90.6%) and 98 
protein (9.3%) (Wang, Ma, Yue and Wang, 2008). Zeta potential of CBF was ca. -46.0 99 
mV. CBF contains carboxyl, which is determined by Infrared spectra. Distributing of 100 
molecular weight of purified CBF is from 105 to 106, which is determined by gelatin 101 
chromatogram (Ma, Zhang, Yuan, Wang, Wang and Wang, 2005).  102 
Modification of CBF 103 
The CBF (1.0 g), together with 30 mL deionized water, was added into a four-necked 104 
flash, equipped with a stirring apparatus. The solution was stirred constantly with a 105 
slow stream of nitrogen on for about 15 min under water bath condition of 50 ℃. 106 
Then, various amounts of K2S2O8 and Na2SO3 dispersed in moderate amount of 107 
deionized water were added into the solution to initiate the modification reaction with 108 
nitrogen on for further 15 min. The predetermined amount of AM and DMDAAC 109 
were added later. Finally, after 3 h of reaction, the resulting product was dewatered 110 
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with alcohol after cooling to room temperature. The precipitates was filtered and dried 111 
at 50 ℃ for 5 h in a vacuum drying oven, and the product was MCBF. In this study, 112 
taking into account of AM and DMDAAC cost together with coagulation performance 113 
of MCBF, the mass ratio of CBF, AM and DMDAAC was set as 1:2:1 and the mole 114 
ratio of K2S2O8 and Na2SO3 was 1:1. The mass of K2S2O8 accounted for 0.6% of 115 
monomer mass.   116 
Characterization of MCBF 117 
MCBF was characterized in terms of Fourier transform infrared (FTIR) spectrum, zeta 118 
potential and molecule weight. FTIR spectrum was obtained on a NEXUS-470 series 119 
FTIR spectrometer (Thermo nicolet, NEXUS). The samples were taken into KBr 120 
pellets. Zeta potential and molecule weight of MCBF was respectively obtained by 121 
waters 1515 gel chromatography apparatus (Waters, US) and Zetasizer 3000HSa 122 
(Malvern, UK). MCBF solutions (about 1.0 mg/L) must be filtered through 0.22 μm 123 
filter membrane before molecule weight analysis, while zeta potential was directly 124 
measured without any pretreatment. CBF was also characterized for reference.   125 
Test water and jar-test 126 
Coagulation experiments were performed using i) humic acid (HA) simulated water  127 
containing HA as model NOM, and ii) fluvic acid (FA) simulated water  containing 128 
FA as model NOM. Standard jar tests were conducted using a programmable jar-tester. 129 
Details about the experimental procedures and characteristics of the water samples are 130 
described in S1 of the Supplementary Data. 131 
Floc growth, breakage and regrowth  132 
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The dynamic change of floc size was measured using Malvern Mastersizer 2000, UK. 133 
The floc size is expressed as an equivalent volumetric diameter d50, which refers to 134 
the 50 % floc size was selected as the representative floc size. 135 
The slope of rapid growth region was used to evaluate the floc growth rate during floc 136 
growth phase (Xiao, Yi, Pan, Zhang and Lee, 2010): 137 Growth rate = ∆𝑠𝑠𝑠𝑠
∆𝑡𝑠𝑡𝑠
             (1) 138 
After 10 min of floc growth phase (40 rpm), the aggregated flocs were exposed to 139 
shear force (200 rpm) for 5 min, and then slow mixing (40 rpm) was reintroduced for 140 
a further 10 min. Floc strength factor (Sf) and recovery factor (Rf) are used to compare 141 
the relative breakage and regrowth of flocs in different flocculated systems and are 142 
calculated as follows (Jarvis, Jefferson and Parsons, 2005, Yukselen and Gregory, 143 
2004): 144 
𝑆𝑓 = 𝑑2𝑑1 × 100              (2) 145 
𝑅𝑓 = 𝑑3−𝑑2𝑑1−𝑑2 × 100             (3) 146 
where d1 is the average floc size of the plateau before breakage, d2 is the floc size 147 
after floc breakage period, and d3 is the floc size after regrowth to the new plateau.  148 
The larger values indicate the existence of the stronger flocs, and the flocs with larger 149 
recovery factors show better recoverability after high shear force.  150 
Floc fractal dimension 151 
Details in the theory of the mass fractal dimension have been reported in a few 152 
literatures (McCurdy, Carlson and Gregory, 2004, Guan, Waite and Amal, 1998). The 153 
light scattering technique involves measurement of light intensity I as a function of 154 
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the scatter vector Q. The vector is defined as the difference between the incident and 155 
scattered wave vectors of the radiation beam in the medium (Guan, Waite and Amal, 156 
1998): 157 
𝑄 = 4𝑛𝑛 sin(𝜃 2⁄ )
𝜆
              (4) 158 
where n, θ, and λ are the refractive index of the medium, the scattered angle, and the 159 
wavelength of radiation in vacuum, respectively 160 
For independently scattering aggregates, the relationship among I, Q and the fractal 161 
dimension Df can be represented by Eq. (5) (Rieker, Hindermann-Bischoff and 162 
Ehrburger-Dolle, 2000): 163 
𝐼 ∝ 𝑄−𝐷𝑓               (5) 164 
Df is the fractal dimension and can be determined by the slope of a plot of I as a 165 
function of Q on a log–log scale. High Df means the primary particles in an aggregate 166 
are arranged compactly, while low Df results from highly branched and loosely bound 167 
structure. 168 
Results and discussion 169 
Characterization of MCBF 170 
FTIR spectroscopic analysis 171 
According to the FTIR spectra of CBF and MCBF as shown in Fig. 1, the adsorption 172 
was observed at 3412.08 cm-1 and 3383.45 cm-1 (hydroxyl stretch influenced by 173 
hydrogen bond), 2926.46 cm-1 and 2929.39 cm-1 (methylene), and, 1081.43 cm-1 and 174 
1121.31 cm-1 (b-1, 4-glycosidic bond) (Liu, Miao, Wang and Yin, 2009). For MCBF, 175 
the stretching vibration adsorption at 3192.79 cm-1 for the NH2 group and at 1350.37 176 
9 
 
cm-1, 1417.84 cm-1 and 1454.78 cm-1 for the C-N group can be observed, which did 177 
not appear in the FTIR spectrum of CBF. These differences support the grafting of 178 
AM and DMDAAC onto CBF and this would be beneficial for the formation of 179 
macromolecule, where CBF was the main framework.  180 
Molecular weight and zeta potential 181 
The molecular weight of MCBF was approximately 144k Da and that of CBF was 182 
only 1.3k Da, indicating that graft of AM and DMDAAC onto CBF promoted the 183 
chain propagation. Additionally, zeta potential of MCBF was +15.0 mV, which was 184 
dramatically improved as compared with that of CBF (-46 mV). This result visualized 185 
the enormous change of charge on CBF surface by the graft copolymerization of 186 
monomers. 187 
Coagulation efficiency by MCBF 188 
Our previous research (Zhao, Gao, Shon, Wang, Kim, Yue and Bo, 2012) showed that 189 
particle and NOM removal were barely observed when CBF was used alone, which 190 
could be ascribed to the particle repulsion among particles since both NOM and HA 191 
were negatively charged. The CBF molecule bridging ability also presented no 192 
beneficial effect on NOM removal due to the low molecular weight of CBF. After 193 
graft copolymerization, the MCBF coagulant was expected to be effective for water 194 
purification since both the molecular weight and zeta potential were significantly 195 
improved as aforesaid.  196 
Standard jar tests were conducted to investigate the performance of coagulation by 197 
MCBF for both HA and FA simulated water treatment and the results are shown in S2 198 
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of the Supplementary Data. In case of HA removal, residual turbidity increased 199 
gradually with the increasing MCBF dose, which was accompanied by the increase in 200 
both UV254 and DOC removal, reaching the plateau value of 75.5±1.0% and 49.0±2%, 201 
respectively. Floc zeta potential increased from -15.0 mV to -3.8 mV within the dose 202 
range investigated, indicating that charge neutralization played an important role for 203 
HA removal. Similar trend was observed for FA removal, while MCBF was less 204 
effective for low molecular weight NOM removal as reflected by lower UV278 and 205 
DOC removal (30% and 5%, respectively) than in case of HA removal. Sweep 206 
flocculation was assumed to be the predominant mechanism for FA removal as 207 
indicated by slight increase in floc zeta potential with increasing MCBF dose.  208 
As aforementioned, both HA and FA can be removed by MCBF but with low removal 209 
efficiency. Moreover, the residual turbidity increased with the increasing MCBF dose, 210 
which may be attributed to the fine flocs (data not shown) formed during coagulation 211 
process. The cost of MCBF production was another reason to limit the wide 212 
application of MCBF as coagulant. Using MCBF as coagulant aid would be a 213 
promising way for its further application, since previous research reported that better 214 
coagulation performance can be achieved when a polymer coagulant aid is used in 215 
combination with a commonly-used coagulant (Chang, Chiang, Tang, Chao and Hsing, 216 
2005). Meanwhile, the MCBF production cost can be reduced due to relatively less 217 
dosage added. Details about the application of MCBF as coagulant aid will be 218 
discussed in the following sections.  219 
Coagulation efficiency with TiCl4 aided by MCBF 220 
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The effect of MCBF on coagulation efficiency 221 
Fig. 2 and 3 present the effect of MCBF used as coagulant aid with TiCl4 for both HA 222 
and FA removal. Coagulation performance was significantly influenced by both 223 
MCBF dose and dosing sequence of the dual-coagulants.  224 
In case of HA simulated water treatment, MCBF of 1.0 mg/L favored turbidity 225 
removal at low TiCl4 doses for TiCl4-MCBF dual-coagulants, while it was not the 226 
case for MCBF-TiCl4 dual-coagulants and residual turbidity showed obvious increase 227 
by the addition of 1.0 mg/L MCBF (Fig. 2 (a)). The UV254 removal was enhanced by 228 
MCBF addition as shown in Fig. 2 (b), especially at low TiCl4 doses. However, DOC 229 
removal decreased to different degrees with MCBF addition except at the TiCl4 dose 230 
of 5 mg/L, where it was improved to different degrees by MCBF addition. In case of 231 
the TiCl4-MCBF dual-coagulants, MCBF of 1.0 mg/L improved the UV254 removal 232 
from 35.3% and 74.0% to 76.6% and 87.5%, respectively at TiCl4 dose of 5 and 8 233 
mg/L. The DOC removal was decreased by 2%~7% within the TiCl4 dose range 234 
studied.  235 
In case of FA simulated water treatment, the dual-coagulants had no superior 236 
advantage over TiCl4 alone in terms of turbidity removal. The response of UV278 237 
removal to MCBF addition was similar as that of UV254 in case of HA removal and 238 
the UV278 removal was more enhanced by MCBF at low TiCl4 doses than at higher 239 
ones. As shown in Fig. 3 (c), MCBF of 1.0 mg/L improved the DOC removal 240 
regardless of the dosing sequence, while MCBF of 2.0 mg/L decreased the DOC 241 
removal, especially with MCBF-TiCl4 dual-coagulants.  242 
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Both HA and FA removal can be improved by MCBF addition, however the dose of 243 
MCBF as coagulant aid should be optimized as high or low doses from the optimum 244 
dose would deteriorate the coagulation efficiency. Low MCBF dose meant no strong 245 
enough charge neutralization ability to destabilize the pollutants and no enough 246 
molecules to adsorb and then bridge the aggregates. High MCBF dose may result in 247 
the decrease of DOC removal, since MCBF is essentially a kind of organic matter. 248 
This may be the considerable reason for the decrease in DOC removal when CBF was 249 
overdosed. Same observation was previously reported in the flocculation of kaolin 250 
particles by bioflocculants (Wang, Tang and Gregory, 2002). 251 
The effect of MCBF on floc zeta potential 252 
Fig. 2 (d) and Fig. 3 (d) show the variation of floc zeta potential as a function of 253 
coagulant dose with different coagulants for HA and FA simulated water treatment. 254 
Changes in floc zeta potential are generally regarded as an effective tool to investigate 255 
coagulation mechanism, which is often expressed in terms of charge neutralization 256 
and sweep flocculation (Gregory and Duan, 2001). When charge neutralization is the 257 
only mechanism involved during coagulation process, the floc zeta potential should be 258 
in excellent correlation with coagulant dose and the optimum coagulation efficiency 259 
should be achieved when floc zeta potential was close to zero (Pefferkorn, 2006). The 260 
TiCl4 coagulant only gave slight increase in floc zeta potential with coagulant dose, 261 
and the floc zeta potential was still negative within the dose range investigated, 262 
implying that charge neutralization was very weak for TiCl4 and thus sweep 263 
flocculation was possible dominant mechanism for TiCl4 coagulation. This is 264 
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consistent with previous studies by Zhao et al. (Zhao, Gao, Shon, Cao and Kim, 2011, 265 
Zhao, Gao, Cao, Yang, Yue, Shon and Kim, 2011).    266 
In case of dual-coagulants, the floc zeta potential after TiCl4-MCBF coagulation 267 
showed significant increase with increasing TiCl4 dose and CBF dose, while 268 
MCBF-TiCl4 gave nearly similar floc zeta potential as TiCl4. Additionally, zeta 269 
potential of flocs after TiCl4-MCBF coagulation was higher than that after 270 
MCBF-TiCl4 coagulation. When TiCl4 was dosed firstly, the negatively charged HA 271 
and FA molecules reacted with the hydrolyzates of TiCl4, producing the negatively 272 
charged Ti(OH)x(4-x)+-HA/FA complex (XU, GONG and QIN, 2009, Zhao, Gao, Rong, 273 
Shon, Kim, Yue and Wang, 2011). When positively charged MCBF was dosed, charge 274 
neutralize occurred between the Ti(OH)x(4-x)+-HA/FA complex and MCBF, which 275 
resulted in the high zeta potential of flocs formed by TiCl4-MCBF coagulants. For HA 276 
simulated water treatment, the floc zeta potential increased sharply with TiCl4 dose 277 
when 1.0 mg/L MCBF was used as coagulant aid, reaching nearly the isoelectric point 278 
at TiCl4 dose of 20 mg/L. Similar phenomenon was observed for FA simulated water 279 
treatment, where the floc zeta potential reached isoelectric point at TiCl4 dose of 35 280 
mg/L when 2.0 mg/L of MCBF was used as coagulant aid. Charge neutralization was 281 
therefore concluded to be the predominant coagulation mechanism for TiCl4-MCBF 282 
coagulation. When MCBF was dosed firstly, similar floc zeta potential was observed 283 
as compared with that by TiCl4, from which it can be concluded that the later TiCl4 284 
addition had slight influence on the surface charge of the microflocs formed by MCBF. 285 
The negatively charged HA or FA may be partly neutralized by MCBF firstly, and 286 
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then as the addition of TiCl4, the HA or FA may be further removed by two ways: one 287 
is neutralization between the hydrolyzed Ti species and the residual HA or FA 288 
molecules; another is adsorption and bridging between TiCl4 hydrolyzates and 289 
MCBF-HA/FA flocs or HA/FA molecules. For both HA and FA simulated water 290 
treatment, the flocs formed by MCBF-TiCl4 were negatively charged, indicating that 291 
HA and FA was mainly removed by sweep flocculation rather than charge 292 
neutralization.  293 
MCBF effect on floc characterization 294 
The MCBF concentration of 1.0 mg/L was selected as coagulant aid with TiCl4 to 295 
investigate the effect of MCBF on floc characteristics for both HA and FA simulated 296 
water treatment. Floc growth, breakage and re-formation with different coagulants 297 
were in-line monitored by using Mastersizer 2000 and the flocs were characterized in 298 
terms of floc growth rate, size, strength, recoverability and fractal dimension. 299 
Floc growth rate and floc size 300 
Fig. 4 shows the variation of floc growth rate as a function of coagulant dose with 301 
different coagulants for both HA and FA simulated water treatment. In general, the 302 
floc growth rate increased with the increasing coagulant dose and was significantly 303 
influenced by dosing sequence of the dual-coagulants. Irrespective of HA or FA 304 
simulated water treatment, the TiCl4-MCBF coagulants improved the floc growth rate 305 
as compared with the TiCl4 alone. The MCBF-TiCl4 coagulants yielded comparable 306 
floc growth rate with TiCl4 alone in case of FA simulated water treatment, while the 307 
increase or decrease in floc growth rate depended on coagulant dose in case of HA 308 
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simulated water treatment.        309 
Fig. 5 presents the change in floc size vs. coagulant dose with different coagulants 310 
before floc breakage, after breakage and regrowth. In case of HA simulated water 311 
treatment, the floc size was greatly improved by the addition of MCBF and was 312 
significantly affected by dosing sequence of the dual-coagulants (Fig. 5 (a)). The floc 313 
size d1, d2 and d3 all followed the order of TiCl4-MCBF > MCBF-TiCl4 > TiCl4 except 314 
the condition at TiCl4 dose of 5 mg/L, where d2 and d3 were in the order of 315 
MCBF-TiCl4 > TiCl4-MCBF > TiCl4. For MCBF-TiCl4, the positively charged MCBF 316 
reacted with the negatively charged HA molecules completely through charge 317 
neutralization, forming the HA-MCBF microflocs. At the low TiCl4 dose of 5 mg/L, 318 
the hydrolyzates were supposed to react with the HA-MCBF microflocs through 319 
complete charge neutralization. For TiCl4-MCBF, the negatively charged HA 320 
molecules reacted with the positively charged hydrolyzates of TiCl4 first, and then, the 321 
formed microflocs aggregated to form larger flocs through sweep flocculation of 322 
MCBF due to its chain structure. Since the flocs formed by charge neutralization are 323 
inclined to be more stable and have better recoverability after floc breakage, the flocs 324 
formed at TiCl4 dose of 5 mg/L have larger d2 and d3 size (Yu, Li, Xu and Yang, 2009). 325 
With the increasing TiCl4 dose, the hydrolyzates of TiCl4 are assumed to be composed 326 
of polymers with high sweep flocculation ability. This may be the main reason that the 327 
floc size d2 and d3 followed the order of TiCl4-MCBF > MCBF-TiCl4. In case of FA 328 
simulated water treatment, the TiCl4-MCBF coagulants had superior advantage over 329 
TiCl4 in terms of floc size d1, d2 and d3, while size of the flocs formed by 330 
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MCBF-TiCl4 was improved or decreased to different degrees depending on TiCl4 dose 331 
(Fig. 5 (b)).  332 
The variation of floc growth rate and floc size with different coagulants was 333 
traditionally explained in terms of different coagulation mechanisms. In this study, 334 
both HA and FA removal were obtained while the resultant flocs were still negatively 335 
charged regardless of the coagulant used, indicating that sweep flocculation played 336 
vital role for coagulation. However, for both HA and FA simulated water treatment, 337 
the TiCl4-MCBF coagulants had higher charge neutralization ability compared to 338 
TiCl4 and MCBF-TiCl4, as reflected by the higher floc zeta potential (Fig. 2 (d) and 339 
Fig. 3 (d)). This may be the reason for higher floc growth rate with larger floc size by 340 
TiCl4-MCBF due to the relatively weak repulsion between the negatively charged 341 
flocs, since the absolute values of floc zeta potentials by TiCl4-MCBF were lower 342 
than those by TiCl4 and MCBF-TiCl4. In case of TiCl4-MCBF, when TiCl4 was dosed 343 
firstly, it hydrolyzed instantaneously to form various hydrolyzates, followed by 344 
reaction with HA or FA to form the negatively charged Ti(OH)x(4-x)+-HA/FA complex 345 
or part of TiCl4 may hydrolyze to form Ti(OH)4 flocs. The Ti(OH)x(4-x)+-HA/FA 346 
complex and Ti(OH)4 flocs therefore constituted the microflocs in the initial stage of 347 
rapid mixing. When positively charged MCBF was dosed, it quickly adsorbed on the 348 
surface of the microflocs and large flocs gradually formed due to the chain structure 349 
of MCBF. In case of MCBF-TiCl4, the negatively charged MCBF-HA/FA complex 350 
was probably the initially formed microflocs. The increase in floc size under certain 351 
TiCl4 dose conditions could presumably be attributed to the effective adsorption and 352 
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entrapment of TiCl4 hydrolyzates when TiCl4 was dosed as coagulant aid. The 353 
bridging ability of MCBF molecules was another reason for the increase in floc size 354 
as compared with TiCl4 alone. 355 
Floc strength factor, Sf and floc recovery factor, Rf  356 
After the initial floc growth phase, the floc size immediately decreased once the high 357 
shear at 200 rpm was applied, followed by floc re-formation when the original slow 358 
stir speed of 40 rpm was reintroduced. The aggregates formed by different coagulants 359 
varied over a wide range in floc size after floc growth, breakage and regrowth as 360 
shown in Fig. 5. To investigate the floc variation in detail, the floc strength factor (Sf) 361 
and recovery factor (Rf) were calculated according to Eqs. (2) and (3), respectively to 362 
interpret the floc strength and recoverability.   363 
Fig. 6 presents the change in Sf and Rf vs. coagulant dose with different coagulants for 364 
both HA and FA simulated water treatment. Regardless of HA and FA simulated water 365 
treatment, TiCl4-MCBF and MCBF-TiCl4 coagulants improved floc strength to 366 
different degrees within the TiCl4 dose range investigated, which may be ascribed to 367 
the adsorption and bridging ability of MCBF leading to the aggregation of microflocs. 368 
After floc breakage, the MCBF with the electrostatic attraction and Van der Waals on 369 
newly exposed microflocs surface may bond the floc fragments together, resulting in 370 
the good recoverability of the flocs formed by TiCl4-MCBF and MCBF-TiCl4. 371 
However, MCBF-TiCl4 yielded the flocs with comparable floc Rf values as TiCl4 372 
within the TiCl4 dose range from 20 to 35 mg/L in case of FA simulated water 373 
treatment. Thus, raw water characteristics and coagulant dose were also key 374 
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parameters influencing the MCBF effect on floc properties. Floc Rf was barely 375 
influenced by dosing sequence of the dual-coagulants in case of HA simulated water 376 
treatment, as reflected by the comparable floc Rf values obtained by TiCl4-MCBF and 377 
MCBF-TiCl4, while TiCl4-MCBF had superior advantage over TiCl4 and MCBF-TiCl4 378 
in improving floc Rf in case of FA simulated water treatment.  379 
Additionally, the floc Rf showed a significant drop at low TiCl4 doses, followed by a 380 
gradual decline trend as further increased TiCl4 dose no matter which kind of 381 
coagulant was used. At low TiCl4 doses, Ti(OH)3+, Ti(OH)22+, and Ti(OH)3+ might be 382 
the dominate hydrolysis products of TiCl4 (XU, GONG and QIN, 2009). The HA and 383 
FA removal may be achieved by the reaction with the positively charged TiCl4 384 
hydrolyzates through charge neutralization. As the increase in TiCl4 concentration, the 385 
coagulation condition became favorable for hydroxide precipitation and the 386 
coagulation mechanism transformed to sweep flocculation. Previous studies have 387 
shown that the flocs formed by charge neutralization can fully reform, while the 388 
sweep flocs are irreversible after breakage (Yu, Li, Xu and Yang, 2009). This may be 389 
the main reason why the flocs formed at low TiCl4 doses had better recoverability as 390 
compared with those at high doses. In case of HA simulated water treatment, TiCl4 391 
and MCBF-TiCl4 coagulants gave the floc Rf value of ca. 143.0±1.0% at TiCl4 dose of 392 
5 mg/L, while the floc Rf was 123.8% and 114.3%, respectively with TiCl4-MCBF 393 
and MCBF-TiCl4 at TiCl4 dose of 10 mg/L in case of FA simulated water treatment. 394 
The floc recoverability was reported to give some indication of floc internal bonding 395 
structure (Yang, Gao, Yue and Wang, 2010). The irreversible floc breakage at high 396 
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TiCl4 doses was seen as evidence that the flocs formed were held together by 397 
chemical bonds rather than physical bonds alone.  398 
Floc fractal dimension, Df 399 
The floc fractal dimension (Df) was investigated to identify the effect of MCBF on 400 
floc compactness under different shearing patterns conditions in the coagulation 401 
system (Table 1). The TiCl4 doses of 8 and 17 mg/L were selected for investigation in 402 
case of HA simulated water treatment. At low TiCl4 doses of 8 mg/L, the UV254 403 
removal was obviously increased due to MCBF addition while at high TiCl4 dose of 404 
17 mg/L, the dual-coagulants achieved comparable UV254 removal as TiCl4 alone. 405 
Similarly, TiCl4 doses of 15 and 30 mg/L were chosen for investigation in case of FA 406 
simulated water treatment.  407 
The floc compactness was seen to increase by floc breakage at 200 rpm, as reflected 408 
by the substantial increase in floc Df value for all of the flocs when intensive shear 409 
force was applied. A higher Df indicates that the aggregates have densely packed 410 
structure while lower Df results from the highly branched and loosely bounded 411 
structures. The flocs became more compact after exposure to high shear force as the 412 
internal bonds of the flocs were broken under strong shear conditions and the resultant 413 
fragments rearranged at more favorable points into more stable structure (Selomulya, 414 
Amal, Bushell and Waite, 2001, Yukselen and Gregory, 2002). The floc Df values after 415 
floc regrowth period were comparable with those after breakage, indicating that the 416 
floc compactness were barely influenced by floc regrowth even the original mixing 417 
speed was reintroduced.  418 
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Considerable difference in floc Df was observed with different coagulants. In case of 419 
HA simulated water treatment at TiCl4 dose of 8 mg/L, TiCl4-MCBF and TiCl4 420 
yielded the flocs with comparable Df value of 2.39, higher than the value of 2.32 by 421 
MCBF-TiCl4, while the Df values varied apparently in the order of TiCl4 > 422 
MCBF-TiCl4 > TiCl4-MCBF during floc breakage and regrowth processes. That is, 423 
the dual-coagulants reduced the floc compactness, especially during floc breakage and 424 
regrowth periods. However, the floc Df followed the order of MCBF-TiCl4 > TiCl4 > 425 
TiCl4-MCBF at TiCl4 dose of 17 mg/L, indicating that the effect of MCBF on floc Df 426 
was greatly influenced by coagulant dose. In case of FA simulated water treatment, 427 
dosing sequence of the dual-coagulants has minor effect of floc Df, as reflected by the 428 
little variation of floc Df values by TiCl4-MCBF and MCBF-TiCl4, while 429 
comparatively, for HA simulated water treatment, the floc Df varied in a larger scale 430 
between TiCl4-MCBF and MCBF-TiCl4. That is, Df was more influenced by dosing 431 
sequence in case of HA than that in case of FA. However, the TiCl4 coagulant gave the 432 
flocs with the most compact structure given the highest Df values seen in Table 1 433 
regardless of floc growth, breakage and regrowth periods. Lower floc Df values by the 434 
dual-coagulants indicated that the resultant fractal aggregates may spread out over a 435 
larger space than those by TiCl4 alone due to the chain structure of MCBF.    436 
Conclusions 437 
Results showed that, acrylic amide and dimethyl diallyl ammonium chloride were 438 
successfully grafted onto the CBF and the molecule weight and zeta potential was 439 
improved from 1.3 kDa and -46 mV to 144 kDa and +15.0 mV, respectively. Using 440 
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MCBF as coagulant aid is a promising way for its application since both HA and FA 441 
removal with TiCl4 can be improved by MCBF addition at low TiCl4 doses. Also, the 442 
floc growth rate, size, strength and recoverability were significantly improved by 443 
MCBF. Both coagulation performance and floc characteristics were greatly influenced 444 
by dosing sequence of the dual-coagulants.  445 
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